INTRODUCTION
Since the first reports in the 1980s, the uptake of quinolones has been studied mainly in Escherichia coli. These antibiotics have been shown to preferentially use the OmpF porin to cross the outer membrane barrier [1] [2] [3] [4] . Indeed, porin-deficient mutants of E. coli are resistant to fluoroquinolones, although the role of OmpF, either as a channel or as an enabler of quinolone diffusion at the OmpF\lipid interface, has not yet been elucidated. Moreover, these antimicrobial agents can also enter the cell by a lipid-mediated pathway [4] [5] [6] [7] . In comparison with more hydrophilic fluoroquinolones, the uptake of sparfloxacin seems to be affected to a greater degree by modifications of the outer membrane, such as lipopolysaccharide (LPS) alterations [7] . Nalidixic acid, which has a high hydrophobicity index, penetrates mainly through the phospholipid bilayer [1] . However, the penetration of quinolones through the Enterobacter cloacae outer membrane has not been extensively studied [7, 8] . E. cloacae produces at least two porins, F and D [9] [10] [11] , that are immunologically related to the E. coli OmpF and OmpC porins respectively [12] . However, despite their widespread use in clinical antibiotherapy, there is a lack of information on the molecular mechanism and kinetics of quinolone entry into bacteria.
The aim of the present study was to investigate the role of porins in the major fluoroquinolone pathway through the outer membrane of E. cloacae. Two entry mechanisms were possible : (1) gliding of the antibiotic molecule at the lipid\porin interface and (2) diffusion of the antibiotic molecule through the porin channel. Norfloxacin diffusion was studied in the presence of spermine and cefepime in strains derived from an E. cloacae isolate. Spermine is known to modulate outer membrane permeability by decreasing porin-mediated fluxes of β-lactam antibiotics [13, 14] . We tested whether this polyamine might consequently inhibit the rate of norfloxacin permeation. Cefepime is a zwitterionic cephalosporin that enters bacteria through porins [15, 16] . We therefore examined the possibility that this compound and norfloxacin might compete for diffusion through the F porin channel.
Abbreviations used : LPS, lipopolysaccharide ; MIC, minimal inhibitory concentration. 1 To whom correspondence should be addressed (e-mail jean-marie.pages!medecine.univ-mrs.fr).
penetration decreased as more spermine blocked the channel. Our results indicate that, like β-lactam molecules, fluoroquinolones translocate through the outer membrane via the F porin and that cefepime and norfloxacin entries are polyaminesensitive. This suggests that the closure of the F porin channel by polyamines might modulate the susceptibility of E. cloacae to both fluoroquinolone and cephalosporin antibiotics.
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MATERIALS AND METHODS

Bacterial strains
The E. cloacae 200 clinical isolate and its derivatives have been described previously [11, 12] . Immunodetection of porins in whole E. cloacae cell lysates was performed as described previously, after SDS\PAGE and electrotransfer to nitrocellulose membrane [11, 12] . The D and F porins were produced by parental isolate 200, both porins were absent from strain 201-RevM3, and strains 201-Rev and 200-B3 lacked D and F porin respectively (see Table 1 ). All strains were routinely grown at 37 mC in LuriaBertani medium.
Antimicrobial agents
Grepafloxacin was provided by Glaxo Wellcome (Evreux, France) and ciprofloxacin was provided by Bayer Pharma (Puteaux, France). Norfloxacin, sparfloxacin, ofloxacin, nalidixic acid and spermine were obtained from Sigma Chemical Co (St Louis, MO, U.S.A.). Cefepime was obtained from Bristol-Myers Squibb (Syracuse, NY, U.S.A.). Radiolabelled norfloxacin was a gift from Merck, Sharp & Dohme Chibret Laboratories (Rahway, NJ, U.S.A.).
Susceptibility tests
Susceptibility to quinolones was measured by the dilution method. Approximately 10' cells were inoculated into 1 ml of Mueller Hinton broth containing twofold serial dilutions of each quinolone. The results were read after 18 h at 37 mC [16] and are expressed as minimal inhibitory concentrations (MICs) in µg\ml. The effect of Mg# + cations on the quinolone activity was tested by the addition of 10 mM MgCl # to Mueller Hinton broth during the assay.
Measurement of norfloxacin uptake by whole cells
The uptake of ["%C]norfloxacin by intact cells has been described previously [16] . In brief, exponential-phase bacteria in nutrient broth (Difco, Detroit, MI, U.S.A.) grown at 37 mC with shaking were recovered by centrifugation. Cell pellets were resuspended to a density of 10"! colony-forming units\ml in 50 mM sodium phosphate buffer, pH 7, supplemented with 5 mM MgCl # .
["%C]Norfloxacin solution (70 µl) (specific radioactivity 46.51 µCi\ml) was added to 700 µl of cell suspension at 37 mC in a shaking water bath, yielding a final quinolone concentration of 5 µg\ml (approx. 15 µM). At various intervals, 100 µl of the suspension was removed and immediately filtered through GF\C filters (Whatman Ltd, Maidstone, Kent, U.K.). After three washes with 4 ml of cold phosphate\MgCl # buffer, filters were dried and radioactivity was measured in a Packard scintillation counter.
Competition assays were performed in which different amounts of cefepime were mixed with 70 µl of labelled norfloxacin to obtain a final cefepime concentration of 10 or 50 mM after addition to the cell suspension. Spermine was used at 1.4, 7 and 14 mM final concentrations in phosphate buffer. A volume of 350 µl of cell suspension was incubated with 350 µl of phosphate buffer, or with the same volume of the different spermine solutions, for 5 min at 37 mC before the addition of 70 µl of labelled quinolone.
Protein concentration was routinely determined by the microbicinchoninic acid protein assay (Pierce, Rockford, IL, U.S.A.). The toxicities of the various drugs, measured after incubation for 5 min at each concentration, were evaluated by the number of colonies (colony-forming units) counted after 24 h of incubation at 37 mC from serial dilutions plated on Luria-Bertani agar plates.
RESULTS
Susceptibilities to quinolone
The results are presented in Table 1 The bivalent cation Mg# + is known to stabilize the outer membrane structure and thus to modify membrane permeability [17] . The addition of 10 mM MgCl # to the cell suspension induced an increase in MIC for all four strains. However, the fluoroquinolone MICs remained at 1 µg\ml or less for 200 and
Table 1 Susceptibilities of E. cloacae isolates to quinolones
MICs of quinolones were determined in Mueller Hinton broth as described previously [16] , in the absence (k) or presence (j) of 10 mM MgCl 2 . Values are means for three independent experiments. D + and D − , D-porin phenotypes ; F + and F − , F-porin phenotypes. The strains were more resistant to nalidixic acid, the most hydrophobic quinolone (hydrophobicity coefficient 3.92), presenting MICs 4 µg\ml. In the presence of Mg# + ions, this drug showed comparable activity (MIC 8-16 µg\ml) against all four strains.
Accumulation of norfloxacin
E. cloacae 200 and 201-Rev were tested for putative energydependent fluoroquinolone efflux by the method of Malle! a et al. [16] . No significant efflux that was sensitive to carbonyl cyanide m-chlorophenylhydrazone (' CCCP ') was observed in either strain (results not shown), allowing us to analyse fluoroquinolone accumulation under standard conditions [16] .
Norfloxacin accumulation was assayed in the four strains simultaneously. In 200 and 201-Rev, the intracellular accumulation increased rapidly within 1 min and reached a steady state within 5 min. The initial accumulation was much lower for the two other strains (Figure 1 ). The amount of accumulated
Figure 2 Effect of spermine on the accumulation of norfloxacin by E. cloacae 201-Rev
The uptake of radiolabelled norfloxacin (NFX*) was evaluated after preincubation for 5 min with no spermine (5) These results indicate that norfloxacin penetrates more efficiently into strains producing the F porin. However, strain 201-RevM3, devoid of both D and F porins, accumulated a significant amount of norfloxacin. This observation suggested that the adsorption of a quinolone on the cell surface could be followed by a ' self-promoted ' porin-independent transfer through the membrane lipid layer. To test this hypothesis, norfloxacin uptake was studied in the absence and in the presence of various Mg# + concentrations. Bivalent cations significantly decreased fluoroquinolone accumulation in 201-RevM3 (results not shown). This result indicates a lipid-mediated residual norfloxacin uptake in the porin-deficient strain.
Inhibition of norfloxacin entry by spermine
Spermine is a polyamine that induces the closure of porins [18] ; it was therefore of interest to analyse the relationship between pore gating and fluoroquinolone uptake. A 5 min preincubation of 201-Rev (D − F + ) cells with spermine at 37 mC decreased the level of labelled norfloxacin accumulation observed in the first few seconds (Figure 2 ). In addition, the entry of quinolone through the F porin decreased in the presence of increasing concentrations of spermine. Concentrations of 1.4, 7 or 14 mM spermine in the assay decreased the final norfloxacin accumulation level to 75 %, 62% and 44 % respectively, relative to the control assay without spermine. The residual accumulation observed in the presence of 14 mM spermine reached a level similar to that observed for 201-RevM3, the porin-deficient strain (see Figure 1) . This polyamine has been demonstrated to enter and close the E. coli OmpF channels [19] . Our results clearly indicate that norfloxacin uses the lumen of the F porin to enter the E. cloacae cell.
Figure 3 Effect of spermine on the accumulation of cefepime by E. cloacae 201-Rev
The uptake of radiolabelled cefepime (CEF*) was evaluated after preincubation for 5 min with no spermine (5) 
Figure 4 Accumulation of norfloxacin in the presence of cefepime in E. cloacae 201-Rev
The radiolabelled norfloxacin solution with or without cefepime was added at zero time. The uptake of norfloxacin (NFX*) was evaluated with no cefepime (5), 10 mM cefepime (#) or 50 mM cefepime ( ). Values are means for two independent experiments.
Comparative study of norfloxacin and cefepime flux through the F porin
It has been reported that, in E. coli, spermine inhibits cephaloridine penetration through the OmpF porin [13] . We observed a similar effect of spermine on cefepime diffusion through the E. cloacae F porin (Figure 3) . Given the effect of spermine on fluoroquinolone diffusion, cefepime was evaluated as a potential competitor for fluoroquinolone entry. Both 10 and 50 mM cefepime gradually decreased norfloxacin accumulation ( Figure  4 ). In the first 10 s, accumulation was decreased only in the presence of 50 mM cefepime. At later incubation times, there was a noticeable decrease in both cefepime concentrations (10 and 50 mM), and the norfloxacin accumulation level was decreased to 68 % and 45 % respectively relative to the control assays without cefepime. This indicates that cefepime and norfloxacin use the F porin channel to enter the cell but probably diffuse with different efficiencies, owing to their different molecular structures.
DISCUSSION
Previous studies have clearly shown the importance of porins for the uptake of fluoroquinolones in E. coli. However, the precise molecular structure and functional domains of the outer-membrane pore proteins involved in this process remain unknown. In contrast, the penetration of β-lactam molecules has been linked to internal domains of porins such as the L3 loop and the constriction eyelet [20] [21] [22] . The effect of several molecules, such as polyamines, that decrease the channel activity of the pore on cephaloridine flux has been reported [13, 14] . To analyse the interaction between fluoroquinolones and the pore eyelet, we studied four E. cloacae strains with qualitative differences in D and F porin expression and in which no energy-dependent quinolone efflux had been observed. In addition, an inhibitor and a competitor were used to investigate the F-porin-dependent pathway of norfloxacin entry.
The absence of the D and F porins from strain 201-RevM3 and the F porin from 200-B3 correlated with an approximate 2-fold decrease in norfloxacin accumulation in comparison with the strains producing the F porin (200 and 201-Rev). These results are similar to previous observations of fluoroquinolone uptake in E. coli [1, 2, 4] . The D porin, like OmpC in E. coli [1] , has only a minor role in norfloxacin translocation. In contrast, the low but significant accumulation observed with the strain lacking the porins D and F suggests that the Mg# + -sensitive ' selfpromoted ' pathway via LPS, which has been described in E. coli [5, 7] , might also exist in E. cloacae.
Two mechanisms have been proposed for the role of the F porin in norfloxacin penetration : (1) diffusion of the drug through the channel, governed by standard parameters such as the charges and the size of the molecule [23, 24] and the electrostatic field within the constriction area [25] [26] [27] or, alternatively, (2) gliding of the quinolone at the interface between the F porin β-barrel and the membrane lipids, which might lead to drug penetration independently of the pore structure. Polyamines such as spermine are linear molecules harbouring a functional amine group at both ends [28] . Spermine blocks cephaloridine permeation via the OmpF pore in E. coli [13] . Norfloxacin diffusion was drastically altered by increasing spermine concentrations and was almost completely inhibited at very high polyamine concentration. These results indicate a strong correlation between the jamming of the F pore by spermine and quinolone accumulation. We have therefore demonstrated that norfloxacin crosses the E. cloacae outer membrane via the F porin channel.
Cefepime diffusion has been shown to be spermine-sensitive, showing that cephalosporins also use the F pore. We therefore investigated their competitive effect on quinolone accumulation. The presence of 50 mM cefepime greatly decreased the rate of quinolone permeation. This suggests that a dynamic competition between cefepime and norfloxacin takes place during transit through the F porin channel. However, cefepime is a less efficient competitor than a pore blocker such as spermine. The steric hindrances that determine the respective fluidities of molecules within the lumen might depend on the differences in the molecular flexibility of the two antibiotics.
In conclusion, the analyses reported here show that fluoroquinolones use mainly the F porin channels to penetrate rapidly into E. cloacae cells and that a slow penetration pathway might involve LPS. Inhibitor and competitor studies indicate that although cefepime, norfloxacin and spermine enter the channel, interactions between the various components (channel and drug) depend on their molecular structures, including the location and orientation of the charges exposed at the antibiotic surface. Our results confirm that quinolone-resistant Enterobacteriaceae strains can emerge via mutations affecting the expression of porin genes [29] . In addition, we show for the first time that a polyamine decreases norfloxacin diffusion ; this opens a new field of research on fluoroquinolone-resistant clinical isolates. Indeed, it is tempting to speculate that the bacterial polyamine cadaverine, the production of which is regulated by external factors such as pH [14, 30] , could be used by bacteria to escape killing by quinolones and β-lactams. This has particular relevance to therapy with antibiotics in cases of urinary infections.
